The cellular mechanisms for the insulin resistance of pregnancy and gestational diabetes mellitus (GDM) are unknown. The membrane protein plasma cell membrane glycoprotein-1 (PC-1) has been identified as an inhibitor of insulin receptor tyrosine kinase (IRT K ) a c t i v i t y. We investigated insulin receptor function and PC-1 levels in muscle from three groups of obese subjects: women with GDM, pregnant women with normal glucose tolerance, and nonpregnant control subjects. Subjects (n = 6 for each group) were similar in age and degree of obesity (body fat >30%). IRTK activity, insulin receptor tyrosine phosphorylation, and protein levels of membrane glycoprotein PC-1 were determined in rectus abdominus muscle biopsies obtained at the time of either elective cesarean section or gynecological surgery. No significant differences were evident in basal insulin receptor tyrosine phosphorylation or I RTK activity in the three groups. After maximal insulin (10 -7 mol/l) stimulation, IRTK activity measured with the artificial substrate poly(Glu,Ty r ) increased in all subjects but was lower in women with GDM by 25% (P < 0.05) and 39% (P < 0.001) compared with pregnant and nonpregnant control subjects, r e s p e c t i v e l y. Similarly, insulin receptor tyrosine phosphorylation was significantly decreased in subjects with GDM (P < 0.05) compared with pregnant and nonpregnant control subjects. Treatment of the insulin receptors with alkaline phosphatase to dephosphorylate serine/threonine residues increased insulin-stimulated IRTK activity significantly in pregnant control and GDM subjects (P < 0.05), but these rates were still lower compared with nonpregnant control subjects (P < 0.05). PC-1 content in muscle from GDM subjects was increased by 63% compared with pregnant control subjects (P < 0.05) and by 206% compared with nonpregnant control subjects (P < 0.001). PC-1 content was negatively correlated with insulin receptor phosphorylation (r = -0.55, P < 0.05) and IRTK activity (r = -0.66, P < 0.05). These results indicate that pregnant control and GDM subjects had increased PC-1 content and suggest excessive phosphorylation of serine/threonine residues in muscle insulin receptors and that both may contribute to decreased IRTK activity. These changes worsen in women with GDM when controlling for obesity. These postreceptor defects in insulin signaling may contribute to the pathogenesis of GDM and the increased risk for type 2 diabetes later in life. Diabetes 4 9 :6 0 3-610, 2000 D uring pregnancy, one of the most signific a n t maternal metabolic adaptations is a decrease in insulin sensitivity. Studies with the hyperinsulinemic-euglycemic clamp technique indicate that insulin-mediated glucose disposal decreases as much as 40-60% from early to late pregnancy (1,2). This adaptation provides adequate glucose and other nutrients for the development of the fetus. However, in 3-5% of pregnant women, glucose intolerance develops. Gestational diabetes mellitus (GDM) is characterized by further decrements in insulin sensitivity and an inability to compensate with increased insulin secretion (3-6). Although pregnancy-induced insulin resistance and GDM are generally reversible after pregnancy, 30-50% of women with a history of GDM go on to develop t y p e 2 diabetes later in life, particularly if they are obese (7-9). In addition, the offspring of GDM patients have a From the Departments of Nutrition
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uring pregnancy, one of the most signific a n t maternal metabolic adaptations is a decrease in insulin sensitivity. Studies with the hyperinsulinemic-euglycemic clamp technique indicate that insulin-mediated glucose disposal decreases as much as 40-60% from early to late pregnancy (1,2). This adaptation provides adequate glucose and other nutrients for the development of the fetus. However, in 3-5% of pregnant women, glucose intolerance develops. Gestational diabetes mellitus (GDM) is characterized by further decrements in insulin sensitivity and an inability to compensate with increased insulin secretion (3-6). Although pregnancy-induced insulin resistance and GDM are generally reversible after pregnancy, 30-50% of women with a history of GDM go on to develop t y p e 2 diabetes later in life, particularly if they are obese (7-9). In addition, the offspring of GDM patients have a greater incidence of perinatal complications and a higher prevalence of obesity and diabetes (9).
GDM represents a combination of acquired and intrinsic abnormalities of insulin action. The cellular mechanisms of insulin resistance in GDM are unknown; however, the resistance to insulin-mediated glucose transport appears to be greater in skeletal muscle from GDM subjects than that in women who are pregnant but do not have GDM (10). A modest but significant decrease in maximal insulin receptor tyrosine phosphorylation is also evident in muscle from obese GDM subjects (10). With no change in insulin receptor binding affinity (11-14), the decreased insulin receptor tyrosine phosphorylation suggests that insulin resistance to glucose transport in pregnancy and GDM is very likely related to postreceptor binding events that change the activation of the insulin receptor. Insulin initiates its effects on cellular metabolism by binding to the -subunit of the receptor, which causes a conformational change that activates the -s u b u n i t to undergo autophosphorylation on at least six tyrosine residues (15). The -subunit is a membrane protein containing a tyrosine-specific protein kinase activity on its cytosolic domain. The phosphorylation of tyrosine residues on the -subunit activates the receptor tyrosine kinase (16, 17) . This insulin receptor tyrosine kinase (IRTK) activity catalyzes various cellular signaling proteins, including insulin receptor substrate-1 (IRS-1), to undergo tyrosine phosphorylation.
Recent studies have found that overexpression of plasma cell membrane glycoprotein-1 (PC-1), a glycoprotein, plays a role in insulin resistance in subjects with and without type 2 diabetes (18-23). PC-1 has been shown to inhibit the tyrosine kinase activity of the insulin receptor (21). PC-1 was initially reported in skin fibroblasts from certain insulin-resistant patients (18). Subsequently, PC-1 content in the muscle tissue of obese subjects was negatively correlated with insulinstimulated glucose transport (22). Transfection of PC-1 into cultured cells has confirmed that overexpression of PC-1 not only reduces IRTK activity but also may influence insulin action at a postreceptor site (24).
IRTK activity is regulated by several mechanisms. Insulin stimulates tyrosine phosphorylation of the insulin receptor, and this enhances the kinase activity toward other signaling proteins. The insulin receptor is also phosphorylated on serine/threonine residues before and after insulin stimulation (25,26). Serine/threonine phosphorylation of the insulin receptor downregulates the tyrosine kinase activity (27). In the present study, we investigated IRTK activity and PC-1 content in skeletal muscle from nonpregnant women, pregnant women with normal glucose tolerance, and women with GDM. We also studied the effect of dephosphorylation of serine/threonine residues on IRTK activity. Our results suggest that increased insulin receptor serine/threonine phosphorylation and PC-1 may underlie the insulin resistance of pregnancy and contribute to the pathogenesis of GDM.
RESEARCH DESIGN AND METHODS
M a t e r i a l s . Microtiter plates were from Nunc (Maxisorp Immunoplates; Copenhagen, Denmark). Bovine serum albumin (BSA) was from Boehringer Mannheim (Indianapolis, IN). Human recombinant insulin was from Sigma (St. Louis, MO). Biotin-conjugated antiphosphotyrosine antibody was from UBI (Lake Placid, NY). Horseradish peroxidase (HRP)-conjugated streptavidin and the Sulfo-NHS-LC-Biotinylation Kit were from Pierce (Rockford, IL). The ELISA (enzyme-linked immunosorbent assay) Amplification System (ELAST) was from Du Pont-NEN (Boston, MA). The tetra methanol benzidine (TMB) reagent kit was from Kirkegaard and Perry Laboratories (Gaithersburg, MD). Trichloroacetic acid (TCA) and H 3 P O 4 were from Fisher (Fair Lawn, NJ). Mouse anti-insulin receptor antibody was from Lab Vision (Fremont, CA) and was biotinylated according to instructions of the Sulfo-NHS-LC-Biotinylation Kit. The anti-human insulin receptor monoclonal antibody MA-20 was prepared as previously described (28). Secondary conjugated antibody and chemiluminescence reagents (enhanced chemiluminescence [ECL] kit) were obtained from Amersham Life Science (Arlington, IL). Precast 4-12% gradient mini gels were from Novex (San Diego, CA), polyvinylidene difluoride (PVDF) membranes were from Boehringer Mannheim, and other gel and Western blotting reagents were from Bio-Rad (Hercules, CA) and Sigma. Bicinchoninic acid (BCA) protein assay reagents were purchased from Pierce (Rockford, IL). Leupeptin and pepstatin were from Calbiochem (La Jolla, CA), and phenylmethylsulfonyl fluoride (PMSF) was obtained from Sigma. Human subjects. We studied six obese nonpregnant subjects, six obese pregnant patients with normal glucose tolerance, and six obese pregnant patients diagnosed with GDM during the third trimester (GDM). Subjects were recruited as outpatient volunteers. Pregnant subjects scheduled for elective cesarean delivery were c l a s s i fied as normal or as having GDM after a 100-g oral glucose tolerance test (OGTT) according to the National Diabetes Data Group criteria (29). The OGTT was administered between 26 and 28 weeks of gestation. Subjects diagnosed with GDM were treated with diet therapy before delivery. None of the pregnant control subjects had a family history (first-degree relative) of diabetes. Nonpregnant women undergoing elective gynecological surgery were recruited as nonpregnant control subjects. None of the nonpregnant control subjects was classified as having type 2 diabetes based on a 75-g OGTT. The experimental protocol was approved by the Institutional Review Board at MetroHealth Medical Center and the Scientific Advisory Committee of the General Clinical Research Center at Case Western Reserve University. All subjects gave written informed consent before enrollment in the study. Pregnant subjects were studied between 36 and 40 weeks of gestation. Before delivery or surgery, subjects were admitted to the General Clinical Research Center for estimation of body composition by underwater weighing (n = 6) or anthropometric methods (n = 10) as described previously (30,31). Rectus abdominus muscle samples were obtained at the time of delivery or elective surgery and were frozen at -80°C. Tissue preparation. Soluble extracts were prepared from frozen muscle tissue to measure insulin receptor content and IRTK activity. Approximately 1 5 0 -2 0 0 mg of frozen muscle tissue was homogenized in 2 ml homogenization buffer (20 mmol/l Tris, 5 mmol/l MgCl 2 , 1 mmol/l PMSF, 2 µmol/l leupeptin, 2 µmol/l pepstatin, pH 8.7) at 4°C by using a Polytron PTA 20S generator (Brinkman Instruments, We s t b u r y, NY) at maximum speed for 30 s. Triton X-100 was added to a final concentration of 1%. The homogenates were allowed to sit on ice and solubilized for 60 min, followed by centrifugation at 100,000g for 60 min at 4°C. The supernatant was collected and stored at -70°C. Measurement of insulin receptor content. Insulin receptor level was measured by ELISA as described previously (22). Microtiter 96-well plates were coated with 0.2 µg anti-insulin receptor monoclonal antibody MA-20 in 100 µl of coating buffer ( 2 0 mmol/l Na 2 C O 3 , pH 9.6). After incubating for 4 h at 22°C, the plates were washed three times with Tris-buffered saline with Tween (TBST) (20 mmol/l Tr i s , 1 5 0 mmol/l NaCl, and 0.05% Tween 20) to remove unbound antibody. The wells were blocked with 150 µl of blocking buffer (TBST with 1% BSA) for 30 min at 56°C. The plates were washed three times with TBST, and then 50-µl muscle extracts or 1 0 -1 0 0 pg of insulin receptor standard from human muscle extract (determined previously) were loaded with binding buffer (50 mmol/l HEPES, 150 mmol/l NaCl, 0.1% BSA, 0.1% Triton X-100, 1 mmol/l PMSF, 1 mg/ml bacitracin, 2 µmol/l leupeptin, and 2 µmol/l pepstatin, pH 7.6) with the final amount equal to 100 µl/well. After an overnight incubation at 4°C, the plates were washed five times with TBST, and then 3 0 ng/well of biotinylated anti-insulin receptor antibody in buffer A (50 m m o l / l HEPES, 150 mmol/l NaCl, 0.1% BSA, 0.05% Tween 20, 1 mg/ml bacitracin, 1 m m o l / l P M S F, 2 mmol/l Na 3 V O 4 , pH 7.6) was added at 100 µl/well. The plates were incubated at 22°C for 2 h. After washing five times with TBST, the wells were loaded with 0.1 µg peroxidase-conjugated streptavidin in 100 µl of buffer B and were incubated for 30 min at 22°C. The plates were washed successively to remove unbound peroxidase-conjugated streptavidin, and 100 µl biotinyl-tyramide working solution (from the ELAST amplification kit) was added to each well and incubated for an additional 15 min at 22°C. After five washes with 100 µl of phosphate-buffered saline plus Tween 20 (137 mmol/l NaCl, 8 mmol/l Na 2 H P O 4 , 2.7 mmol/l KCl, 1.15 m m o l / l K H 2 P O 4 , 1% BSA, 0.05% Tween 20), 0.2 µl of streptavidin-HRP solution was added to each well and incubated for 30 min at 22°C. After further washing with TBST, 100 µl TMB peroxidase substrate solution was added and incubated for 10-20 min at 22°C. The reaction was stopped by adding 100 µl/well of 1 mol/l H 3 P O 4 , and the absorption was measured at 450 nm with a microtiter plate reader. The concentration of insulin receptor from each patient was calculated from the standard curve by using 10-100 pg human insulin receptor. I RTK activity assay. The ability of immunocaptured insulin receptors to phosphorylate exogenous substrates was determined as described by Youngren et al.
(32). Insulin receptors were immunocaptured on microtiter plates as described above for the receptor content assay, except that 2 ng of insulin receptor was added to each well. Insulin receptors were preincubated with 40 µl of assay buffer (as above) for 60 min, and 100 nmol/l insulin was added or not 30 min before the start of reaction. The reaction was initiated by adding 10 µl of 50 µmol/l ATP in assay buffer with 50 µg of substrate poly(Glu,Tyr) 1:4 and ~0.2 µCi [ -3 2 P ] AT P. The reaction was allowed to continue for 60 min at 22°C and was stopped by blotting 25 µl of reaction mixture onto Whatman 3MM paper (Maidstone, U.K.). Filter papers were washed extensively with 10% TCA with 10 mmol/l Na 4 P 2 O 4 for 15 min at 4°C, for 15 min at 20°C, and for 2-5 min at boiling followed by a short rinse with acetone. Incorporation of 3 2 P was determined by liquid scintillation counting. Insulin receptor dephosphorylation and kinase activity assay. Before testing the muscle samples with alkaline phosphatase, we analyzed the doseresponse effect of alkaline phosphatase treatment on isolated insulin receptors from human placenta (a tissue with a high abundance of insulin receptors). Tr e a tment with 20 U of alkaline phosphatase dephosphorylated the tyrosine residues as well as the serine/threonine residues remaining in the receptor, which resulted in a >80% reduction in basal IRTK activity (data not shown). The dephosphorylation and IRTK activity assay were performed as described above for the receptor kinase activity assay except that, before preincubation, the muscle receptors were dephosphorylated by incubating them with 20 U of calf intestine alkaline phosphatase (Strategene, La Jolla, CA) at 25°C for 30 min (33). Insulin receptor autophosphorylation assay. The autophosphorylation of muscle insulin receptor was measured by using the ELISA technique according to Youngren (32). A total of 60 pg of insulin receptors from each patient was added to the plates coated with anti-insulin receptor antibody. After overnight incubation, the receptors were preincubated with 80 µl/well of assay buffer (50 m m o l / l HEPES, 150 mmol/l NaCl, 0.05% BSA, 0.1% Triton X-100, 10 mmol/l MgCl 2 , 2 mmol/l MnCl 2 , pH 7.6) for 15 min at 22°C, with or without insulin (final concentration 10 -7 mol/l). The reaction was initiated by the addition of 20 µl AT P ( 5 0 µmol/l, final concentration 10 µmol/l) in assay buffer, and the reaction was allowed to continue for 60 min at 22°C. After washing, 30 ng of biotinylated antiphosphotyrosine antibody was added with 100 µl of buffer B. The remaining steps were followed as described above. PC-1 content measurement. PC-1 was measured by using Western blot analysis. Samples (30 µg protein measured by the BCA method with BSA as the standard) were run on 4-12% gradient denaturing gel and transferred overnight to PVDF membranes. Membranes were blocked with 5% nonfat milk (Carnation; Nestlé Foods, Glendale, CA) in TBST, washed three times with TBST, and probed by using a polyclonal antibody against the final 18 amino acids of the COOH-terminus of the human PC-1 protein (antibody J14 1:1,000 dilution in TBST). After a 3-h incubation at room temperature, the membranes were washed as above and incubated with anti-rabbit IgG HRP (1:2,000 dilution in TBST) for 30 min. Membranes were again washed as above, and ECL detection reagents were added for 1 min and were immediately exposed to X-ray film. Quantification of the 110-kDa band was performed by using a Bio-Rad imaging densitometer with 8 µg of whole cell lysate of the human hepatoma cell line HepG2 to control for gel-to-gel variation. Results are expressed as a ratio to the HepG2 control. Statistical analyses. All data are means ± SE for the indicated number of patients. Differences between groups were analyzed by two-way analysis of variance and post hoc testing. Linear regression was used for correlation analysis by using StatView II (Abacus Concepts, Berkeley, CA). P < 0.05 was considered to be statistically signific a n t .
R E S U LT S
Subjects characteristics. Characteristics of the groups are summarized in Ta b l e 1. All subjects were considered obese because the average percentage of body fat for all three groups was >30%. GDM subjects had normal fasting glucose levels that were similar to the nonpregnant control subjects. Fasting glucose concentrations in pregnant control subjects were lower compared with nonpregnant control and GDM subjects (P < 0.05). Basal insulin levels were signific a n t l y higher in GDM patients compared with pregnant control and nonpregnant control subjects (P < 0.05).
Insulin receptor concentration and autophosphorylation.
The insulin receptor protein concentration in skeletal muscle biopsies was similar in all three groups of patients (Ta b l e 2 ) . We then measured basal and insulin-stimulated receptor autophosphorylation with ELISA by using an equal concentration of insulin receptor protein from each patient. Under basal conditions, the levels of insulin receptor tyrosine phosphorylation were not significantly different in muscles from all three groups. After 30 min of insulin (10 -7 mol/l) stimulation, maximal insulin receptor tyrosine phosphorylation increased in all subjects. No significant difference was evident between nonpregnant control and pregnant control subjects. For GDM patients, the maximal insulin-stimulated receptor tyrosine phosphorylation was 19 and 22% lower compared with pregnant control and nonpregnant control groups, respectively (P < 0.05). These results of lower insulin-stimulated receptor phosphorylation in GDM subjects were similar to the in vivo results obtained previously by Western blotting in intact skeletal muscle strips (10). The insulin-stimulated increase of tyrosine phosphorylation over basal was significantly lower in pregnant control and GDM subjects compared with nonpregnant control subjects (P < 0.05). I RTK activity and effect of alkaline phosphatase treatment. We next determined the IRTK activity toward an a r t i ficial substrate in vitro by using the ELISA procedure. In the absence of insulin, basal IRTK activities were not significantly different in muscle from the three groups (Fig. 1) 
TA B L E 1 Subject characteristics
Nonpregnant P r e g n a n t c o n t r o l c o n t r o l G D M n 6 6 6 Age (years) 37.0 ± 3.8 34.2 ± 4.9 35.2 ± 4.5 Body fat (%)
37.0 ± 6.6 31.7 ± 7.4 37.9 ± 4.2 Fasting glucose (mg/dl) 88 ± 16 76 ± 8* 94 ± 9 Fasting insulin (µU/ml) 11.0 ± 7.1 13.3 ± 7.0 23.5 ± 12.8 † Data are means ± SD. *P < 0.05, significantly less than nonpregnant control and GDM subjects; †P < 0.05, significantly higher than nonpregnant control and pregnant control subjects.
TA B L E 2 Insulin receptor protein levels and effect of insulin on receptor tyrosine phosphorylation in skeletal muscle in vitro
(pg/µg total protein) -Insulin + Insulin N o n p r e g n a n t 10.45 ± 2.85 6.70 ± 0.83 15.00 ± 0.74* c o n t r o l P r e g n a n t 12.88 ± 4. insulin stimulation, IRTK activity increased significantly in all samples. In muscle from GDM subjects, maximal IRTK activity was significantly lower than in pregnant control (25%, P < 0.05) and nonpregnant control (39%, P < 0.001) subjects ( F i g . 1). IRTK activities of pregnant control subjects were 21% lower compared with nonpregnant control subjects (P < 0.05). No relationship was evident between IRTK activity and fasting glucose levels (r = 0.38, P = 0.129, n = 16). After insulin stimulation, alkaline phosphatase-treated receptors showed significantly increased IRTK activity in GDM and pregnant control subjects. The percentage increase over basal did not change significantly in nonpregnant control subjects, whereas the insulin effect in pregnant control and GDM subjects increased by 48 and 80%, respectively. Alkaline phosphatase treatment increased the maximal IRTK activity in all three groups; however, IRTK activity for GDM and pregnant control subjects was still significantly lower than for nonpregnant control subjects. Increased PC-1 content in pregnancy and GDM. T h e P C-1 content in muscle tissues was measured by using We s tern blot analysis. PC-1 levels in GDM subjects were the highest of all three groups (Fig. 2) . PC-1 levels were 63% greater compared with pregnant control subjects and 206% greater compared with nonpregnant control subjects. Pregnant control subjects' PC-1 levels were higher compared with nonpregnant control subjects (P = 0.05). For all of the subjects, the PC-1 contents were positively correlated with basal plasma insulin concentrations (r = 0.82, P < 0.05) and were negatively correlated with insulin receptor phosphorylation (r = -0.55, P < 0.05) and IRTK activity (r = -0.66, P < 0.05) (Fig. 3 ) . PC-1 content was also negatively correlated with IRTK activity after alkaline phosphatase treatment (r = -0.79, P < 0.05).
No significant correlation was evident between PC-1 and body fat mass (r = 0.151, P = 0.584) and between PC-1 and BMI (r = 0.124, P = 0.65) (n = 16). Although the GDM group had slightly higher fasting glucose levels, the correlation between P C-1 and glucose (r = 0.109, P = 0.716) was not significant. The relationship between tumor necrosis factor-( T N F-) and P C-1 levels (r = 0.398, P = 0.182) was also not significant, which suggests that TNF-or glucose levels did not modulate PC-1 in our subjects. The relationship between IRTK and TNF-l e v e l s was also not significant (r = 0.215, P = 0.432) (n = 16).
D I S C U S S I O N
The purpose of the present study was to determine the mechanisms for insulin resistance in skeletal muscle during pregnancy in obese women with normal glucose tolerance and women with GDM. Specific a l l y, we investigated the role of increased PC-1 and serine/threonine phosphorylation on insulin receptor function as two potential causal mechanisms for insulin resistance in obese GDM subjects. We elected to study a population of obese GDM subjects for clinical reasons. Obesity is a major risk factor for GDM, and most women who develop GDM are obese (33) as defined as a pregravid BMI of ≥27.3 k g / m 2 . Thus, understanding the mechanisms for most cases of GDM requires an obese population. To control for obesity as a potential confounding variable, we closely matched the pregnant control and GDM subjects for a similar degree of obesity based on percentage 
insulin receptor antibody as described in R E S E A R C H D E S I G N A N D M E T H O D S. One aliquot of insulin receptors was treated with 20 U of alkaline phosphatase before assaying the IRT K activity as outlined in R E S E A R C H D E S I G N A N D M E T H O D S.
Before assaying the kinase activity, the receptors were incubated with 100 nmol/l of insulin at 22°C for 30 min and then incubated with [ -3 2 P ] AT P. Substrate phosphorylation was determined by adsorbing peptide substrate to filter paper and scintillation counting. IRTK activity is expressed as femtomoles of ATP incorporated into artificial substrate p o l y ( G l u , Tyr) 1:4 per nanogram of insulin receptor. The data are means ± SE for nonpregnant control (n = 6), pregnant control (n = 6), and GDM (n = 6) subjects. *Significantly lower than the nonpregnant control subjects (P < 0.05); +significantly lower than pregnant control subjects (P < 0.05); #significantly greater than the corresponding kinase activity in the same group without alkaline phosphatase treatment (P < 0.05). , Insulin (-) and alkaline phosphatase (-); , insulin (+) and alkaline phosphatase (-); , insulin (+) and alkaline phosphatase (+). -preg con) , pregnant control (Preg-con), and GDM subjects. Frozen muscle tissues were homogenized, and the protein samples were run on a denatured gel system. After transfer to the membrane, the PC-1 was probed by polyclonal anti-PC-1 antibody. Quantification of the 110-kDa band was performed using a Bio-Rad imaging densitometer with 8 µg of whole cell lysate of the human hepatoma cell line HepG2 to control for gel-to-gel variation. Results are expressed as a ratio to the HepG2 control. Data are expressed in arbitrary units and as means ± SE for six to eight patients per group. of body fat. Thus, the only difference between the GDM and pregnant control subjects was the diagnosis of GDM. The nonpregnant control subjects were also obese. This design allowed us to discriminate between the components of insulin resistance resulting from pregnancy alone versus those resulting from obesity or GDM.
FIG. 2. PC-1 protein content in the skeletal muscle of nonpregnant control (Non
We studied maximal insulin receptor autophosphorylation with a sensitive ELISA measurement by using the same concentration of muscle insulin receptor protein from each subject. We also formally tested the IRTK activity against an artificial substrate. After insulin stimulation in vitro, IRTK activity was significantly less in pregnant control and GDM subjects compared with nonpregnant control subjects with no change in basal IRTK activity. In addition, IRTK activity was s i g n i ficantly lower in GDM subjects compared with pregnant control subjects. In this study, all subjects studied were obese; thus, the decrease in IRTK activity in pregnant control subjects compared with nonpregnant control subjects is likely because of pregnancy and not because of obesity. The further decrease in IRTK activity in GDM may be because of an additional mechanism related to the intrinsically (genetically) greater insulin resistance in this population. The mechanisms for impaired IRTK activity have not been identifie d . Studies in rats have reported that pregnancy is associated with decreased IRTK activity in liver (34,35) but not in skeletal muscle (13). Damm et al. (14) reported no difference in IRTK in their population of lean pregnant women; however, their study protocol and methods cannot be compared with our own. Their samples were obtained 4-8 weeks before parturition from the vastus lateralis muscle. Because insulin sensitivity declines most rapidly during the last trimester, this may be one factor for the lack of a change in IRTK found in their s t u d y. These investigators also relied on partial purific a t i o n of isolated receptors by using wheat germ agglutinin before measuring IRTK activity. This procedure can disrupt the receptor environment necessary for maintaining the normal in vivo activity of the receptor. Thus, their data in lean pregnant subjects may not be comparable with our own data involving the insulin receptor ELISA. The different type of muscles sampled may also be a factor; however, this is speculative, and we have not compared the IRTK activity between vastus and rectus muscle. The decreased IRTK activity found in the present study in GDM subjects was also associated with decreased maximal receptor autophosphorylation (Ta b l e 2). These results in vitro correspond well with our former studies of insulin receptor and IRS-1 tyrosine phosphorylation measured in intact muscle fiber strips from these same subjects (10).
Most studies of human skeletal muscle have found that IRTK activity is impaired in type 2 diabetes and in subpopulations of insulin-resistant subjects (32,36,37). Phosphorylation of serine/threonine residues on the insulin receptor has been suggested as one cause of decreased insulin-stimulated IRTK activity in diabetes (27,38,39); however, this mechanism has not been demonstrated in humans with the disease (40) . In the present study, we did not measure serine/threonine phosphorylation of the insulin receptors directly. Howe v e r, after treatment with alkaline phosphatase to remove phosphorylation, the maximal insulin-stimulated IRTK activity increased significantly in receptors from pregnant control and GDM subjects. A slight increase was evident in nonpregnant control subjects, but it was not significant. The increase in IRTK activity in GDM patients was the highest of all three groups. These data suggest that insulin receptors from the muscles of pregnant control and GDM patients may be serine/threonine phosphorylated to a greater degree than insulin receptors from obese nonpregnant control subjects. Excessive serine phosphorylation has been demonstrated directly in fibroblasts and in skeletal muscle from certain women with severe insulin resistance resulting from polycystic ovary syndrome (PCOS) (41) . Like diabetes, PCOS is a heterogeneous disorder. In general, women with PCOS are obese and have an increased leutinizing hormone/folliclestimulation hormone ratio. Most are hyperinsulinemic, and some have demonstrated increased corticosterone production (42, 43) , which suggests some commonalities between the insulin resistance of PCOS and the insulin resistance of pregn a n c y. The reversibility of the IRTK activity by alkaline phosphatase suggests the involvement of posttranslational modi fication regarding the insulin receptor. In intact cells, insulin receptor serine/threonine phosphorylation can be stimulated by prolonged insulin treatment, phorbol esters, and cAMP analogs, presumably as a result of activation by protein kinase C (27). Increased protein kinase C has been suggested as a possible factor responsible for serine/threonine phosphorylation in type 2 diabetes and in certain kinds of insulin resistance (27, 38, 44) . Expression of protein kinase C in skeletal muscle is higher in insulin-resistant and type 2 diabetic rats (45, 46) . In addition, the cytokine TNF-has been shown to act as a serine/threonine kinase to inhibit IRS-1 and insulin receptor tyrosine phosphorylation (33,47). Circulating T N F-levels increase during pregnancy and correlate well with the extent of insulin resistance measured in humans during pregnancy (49) . The relationship between IRTK and T N F-levels, however, was not significant (r = 0.215, P = 0.432) (n = 16). Thus, variation in TNF-levels does not appear to be associated with IRTK activity in these subjects. Evidence also exists that hyperglycemia induces serine phosphorylation and contributes to glucose-induced insulin resistance (37). The relationship between IRTK activity and fasting glucose levels in the present study was not significant (r = 0.38, P = 0.129). However, this is perhaps not surprising because none of the groups had fasting hyperglycemia, and the diagnosis of GDM was made on the basis of two or more elevated values from a 100-g 3-h OGTT.
Although a significant increase was evident in IRTK activities after alkaline phosphatase treatment in pregnant control and GDM subjects, the IRTK activities were still signific a n t l y lower compared with those of nonpregnant control subjects. The insulin receptors from muscle were dephosphorylated before insulin treatment by using 20 U of alkaline phosphatase, which is a concentration known to maximally dephosphorylate IRTK activity in human placenta (J.S., J . E . F., unpublished data). Although we did not test whether this concentration maximally dephosphorylated the muscle receptors, this would likely be underestimated in pregnancy because the basal IRTK activity was unchanged across different groups, and the amount of alkaline phosphatase used in the muscle samples (20 U) removed at least 80% of the IRTK activity in the placenta, which is a tissue with a high concentration of insulin receptors and high IRTK activity. We interpret the lower insulin-stimulated IRTK activity remaining in receptors from pregnant control and GDM subjects to suggest that excessive phosphorylation of serine/threonine residues is not the only mechanism for reducing IRTK activity in skeletal muscle from pregnant and GDM patients. Other factors inhibit the IRTK activity of skeletal muscle.
We found that PC-1 protein levels were elevated in muscle tissues from pregnant control subjects and more so in GDM subjects compared with nonpregnant control subjects. Moreo v e r, a negative correlation existed between PC-1 content and both insulin receptor autophosphorylation and IRTK activity. No significant correlation was evident between PC-1 and body fat mass (r = 0.151, P = 0.584) or between PC-1 and BMI (r = 0.124, P = 0.65) (n = 16), which indicates that PC-1 is not m o d i fied by obesity per se. Our correlations suggest that a s i g n i ficant relationship exists between PC-1 and IRTK activi t y. The mechanisms for PC-1 inhibition of insulin signaling are currently under investigation. Reports have indicated that PC-1 may have threonine-specific protein kinase activity (50) . H o w e v e r, the existence of this protein kinase activity has been questioned (51) . The correlation coefficient between IRTK and PC-1 remained significant even after treatment with alkaline phosphatase. This seems to suggest that serine phosphorylation is not the mechanism of PC-1 effect and that multiple mechanisms exist for insulin resistance in this population, of which serine phosphorylation is only one. One factor that may account for the continued strong relationship between PC-1 levels and IRTK after dephosphorylation is that PC-1 binds directly to the insulin receptor -subunit and interferes with activation of the receptor -subunit by insulin (52, 53) . PC-1 and the insulin receptor appear to interact through amino acid residues 485-599 on the insulin receptor, thereby preventing the insulin-induced conformational change (53) . Overexpression of PC-1 inhibits IRTK activity but not insulin binding (54) , and a significant negative relationship exists between increased PC-1 content and maximal 2-deoxyglucose transport in human skeletal muscle from obese subjects (22). In addition, muscle PC-1 content has been shown to correlate with IRTK activity in lean insulinresistant subjects (55) .
A recent article by Sakoda et al. (56) suggested that PC-1 overexpression does not inhibit IR function in mouse and human tissues. These investigators infected mouse 3T3-L1 cells with an adenovirus construct containing the human P C-1 coding sequence and used a high concentration of insulin to detect IR phosphorylation. Several explanations exist for these negative results. These investigators used a high concentration of insulin and used a nonspecific antiphosphotyrosine antibody that could detect other tyrosine phosphorylated proteins such as the IGF-I receptor that are not influenced by PC-1. They also did not measure PC-1 enzymatic activity to show that the PC-1 molecule was functional. Furthermore, a study recently showed that a common PC-1 polymorphism is associated with decreased IRTK activity and insulin resistance in nonobese patients with no change in PC-1 protein levels, which suggests more than one mechanism for PC-1 associated insulin resistance (57) .
In conclusion, the present results suggest that increased P C-1 and impaired IRTK activity are not caused by obesity but rather may play an important role in the natural insulin resistance of pregnancy and may be the basis for the higher intrinsic insulin resistance of GDM by mechanisms that are not currently well understood. The findings suggest the possibility that the insulin receptor may be under tonic inhibition by serine phosphorylation and that the factors responsible for this may be upregulated during pregnancy. Further studies are underway to identify the specific sites of serine/threonine phosphorylation and to examine the causes for this in skeletal muscle biopsies obtained after pregnancy and GDM revert. The increase in PC-1 and decrease in IRTK activity, in addition to decreased IRS-1 expression/phosphorylation found previously (10), may underlie the insulin resistance of pregnancy and risk of progression to GDM. 
